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The observation of a lepton-flavour-violating (LFV) process involving charged leptons would be a major breakthrough in understanding the matter content of the universe and would support the hypothesis of leptogenesis \[[@CR1]\]. In particular, LFV processes involving both a $\documentclass[12pt]{minimal}
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In this article, a search for neutrinoless $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ lepton and with a significant missing transverse momentum that is on average back-to-back with the three muons in the transverse plane. Since no energetic jet is expected in the majority of *W* boson production events, very small hadronic activity is predicted beyond that from the soft underlying event or multiple simultaneous *pp* collisions (pile-up). A large fraction of such $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$ leptons decay sufficiently far from the *W* production vertex to give a fully reconstructable additional vertex. This allows the selection of three muons originating from a vertex which is displaced from the primary interaction vertex. The background events usually contain one or two muons originating from the decay of hadrons, including decays in flight, while the remaining tracks are hadrons mis-measured as muons, originating from e.g. a pile-up jet or a pion punching through the calorimeter. The dominant background is due to muons originating from decays of *b*- or *c*-hadrons (heavy flavour, HF). Although such decays are typically accompanied by jets of particles produced in the direction opposite to the HF jets, in a fraction of the events the associated jet is lost or mis-measured, mimicking the signal $\documentclass[12pt]{minimal}
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The analysis strategy is as follows. Events with three muons associated with a common vertex are selected. A loose event selection is applied to collect a high-quality sample of candidate events satisfying $\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec2}
==================

The ATLAS experiment \[[@CR15]\] at the LHC is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry and a near $\documentclass[12pt]{minimal}
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The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring the deflection of muons in a magnetic field generated by superconducting air-core toroids. The magnets' bending power is in the range from 2.0 to 7.5 T m. The muon tracking chambers cover the region $\documentclass[12pt]{minimal}
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A three-level trigger system is used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector information to reduce the accepted rate to at most 75 kHz. This is followed by two software-based trigger levels that together reduce the accepted event rate to 400 Hz on average.

During the data-taking period, there were no dedicated triggers implemented for this analysis. A combination of seven muon triggers is used, where all triggers are constructed from at least two trigger objects. A detailed discussion of the trigger is given in Sect. [4](#Sec4){ref-type="sec"}.

Simulation and data samples {#Sec3}
===========================

The results presented here are based on proton--proton collision data at a centre-of-mass energy of $\documentclass[12pt]{minimal}
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Trigger and reconstruction {#Sec4}
==========================

To maximise the signal acceptance times efficiency, events are required to pass at least one of seven triggers. These are six multi-muon triggers and one dimuon plus $\documentclass[12pt]{minimal}
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The approach for measuring the muon reconstruction efficiency is similar to that used to measure the trigger efficiency. While the trigger efficiency is measured with respect to muon reconstruction as the baseline, the reconstruction efficiency is measured with respect to ID tracking, which in turn is close to $\documentclass[12pt]{minimal}
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Analysis procedure {#Sec5}
==================

The analysis procedure is divided into four steps. First, events containing three high-quality muon objects with a combined invariant mass of less than 2.5 GeV are selected. These muons are required to originate from a common vertex. Second, a *loose* selection is applied to this sample to obtain a background sample that can be used to train the BDT, which is constructed using the TMVA toolkit \[[@CR23]\]. The *loose* selection cuts (using a number of vertex quantities as well as kinematic quantities) are chosen to obtain a large background sample for training, while rejecting background that is kinematically inconsistent with the signal. Before training the BDT, the data events are divided into three regions based on the three-muon mass value. These are the blinded region (which includes the signal region), a sideband region and a BDT training region as defined in Table [1](#Tab1){ref-type="table"}. Third, a *tight* selection (tightening the *loose* selection with a few additional cuts) is applied while simultaneously placing an initial loose cut on the BDT score, denoted by $\documentclass[12pt]{minimal}
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The signal region (SR) is defined as an interval around the $\documentclass[12pt]{minimal}
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Object selection {#Sec6}
----------------

Muons are selected to have a transverse momentum greater than 2.5 GeV and are required to pass stringent requirements on the track quality and the associated hits in both the ID and the MS. Only combined ID+MS measurements of track parameters are used. Several matching criteria \[[@CR22]\] are imposed to reject non-muon tracks (e.g. tracks from hadron decays in flight). The performance of muon identification is validated in two dedicated dimuon control regions. One region is populated with muons from $\documentclass[12pt]{minimal}
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Events with at least three selected muons are considered. All possible three-muon combinations are used as inputs to a vertex fit. The primary vertex (PV) is also refitted after removing the three tracks. Due to the $\documentclass[12pt]{minimal}
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Jets are used to separate the signal from the multi-jet backgrounds (predominantly HF), where more hadronic activity is expected. The jets are reconstructed from topological clusters formed in the calorimeter using the anti-$\documentclass[12pt]{minimal}
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Several kinematic variables are defined from the reconstructed objects listed above. Two transverse masses are defined using the three-muon transverse momentum ($\documentclass[12pt]{minimal}
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Loose event selection {#Sec7}
---------------------

After the three-muon candidates are formed from the selected muons, a *loose* event selection is performed, maintaining a signal efficiency of about 80 % while rejecting about 95 % of the background. This *loose* selection includes cuts on the displacement of the vertex from the PV, requirements on the three-muon kinematics and on the presence of other tracks (track isolation), and requirements on quantities involving $\documentclass[12pt]{minimal}
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Multivariate analysis {#Sec8}
---------------------

The events passing the *loose* selection described above are used as input to the BDT training. There are 6649 events passing the loose selection in the signal MC sample (out of $\documentclass[12pt]{minimal}
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After training the BDT with data events from the training region and signal MC events from the first signal MC sample, the BDT response is calculated for the data events in the sidebands and for events in the second signal sample. The BDT score, *x*, ranges between $\documentclass[12pt]{minimal}
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In order to assess potential modelling problems in the signal MC sample, the BDT input distributions and the BDT response are validated against single-muon data. These data contain mainly $\documentclass[12pt]{minimal}
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Any variable which may bias the BDT response by only selecting events very close to the $\documentclass[12pt]{minimal}
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Tight event selection {#Sec9}
---------------------

Additional *tight* cuts are applied after the BDT training and the application of the $\documentclass[12pt]{minimal}
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The requirement on the three-muon vertex fit probability is applied in order to ensure a high-quality fit. The cuts on $\documentclass[12pt]{minimal}
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The first two-muon mass requirement is applied to suppress candidates originating from one prompt muon object and two muons from a converted photon. The second requirement on the two-muon masses is applied to prevent the low-mass mesons, $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"} shows the three-muon mass distribution and the BDT response distribution. Figures [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} show the distributions of the BDT inputs sorted by the separation rank as reported by TMVA during the BDT training. Figure [4](#Fig4){ref-type="fig"} shows the distributions of the complementary variables which are used in the *loose* or *tight* selection but not in the BDT.Fig. 1The three-muon mass distribution in **a** and the BDT score in **b**. The BDT score distribution of the data is shown for the sideband region. The *loose* data are shown as hollow circles, while the *loose* signal MC events are shown as *light solid grey area*. The *tight* $\documentclass[12pt]{minimal}
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Background estimation {#Sec10}
---------------------
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Uncertainties and optimisation {#Sec11}
------------------------------

The sources of systematic uncertainty associated with the extrapolation procedure in the background estimation are the BDT and sideband fit function choice, the definition of the sideband ranges and the definition of $\documentclass[12pt]{minimal}
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The systematic uncertainty in the signal acceptance times efficiency has contributions from reconstruction (13.1 %), trigger (11 %) and MC modelling (4 %) as discussed in the previous sections. In addition, there is a small (2.1 %) contribution due to jet and $\documentclass[12pt]{minimal}
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During the iterative optimisation process, the extrapolation of the number of events in the sideband region to high $\documentclass[12pt]{minimal}
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Results {#Sec12}
=======

Figure [6](#Fig6){ref-type="fig"} shows the three-muon mass distributions in the full mass range, including the blinded region, for the *tight* $\documentclass[12pt]{minimal}
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Conclusions and outlook {#Sec13}
=======================
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upwards. Cylindrical coordinates $\documentclass[12pt]{minimal}
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